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Abstract 
 
This thesis mainly focuses on the optimisation of heat treatment process of newly developed  
 
creep-resist Mg alloy, namely Mg-3Nd-2Ca. The results of solution treatment and age- 
 
hardening response were obtained and compared to that of commercial WE43 alloys.  
 
Comparable age-hardening results were recognised, and possible precipitation phases with  
 
morphology different to the prismatic WE43 precipitations were observed. It is thusly  
 
concluded that this new alloy shows a huge potential of development as a new low cost  
 
alternative to existing WE series alloys.  
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1 Introduction 
1.1 General Backgrounds 
Magnesium has drawn significant attentions in many engineering domains including 
aerospace, automobile and electronics industries, for it is readily available commercially with 
a competitive lower cost. The main advantage that features the renaissance of Mg alloys is 
that it is the lightest among all structural metal: having a density of 1.7g/cm3, it is 33% lighter 
than aluminium, 50% lighter than titanium, and about 50% lighter than steel [1]. It also 
possesses many other excellent mechanical properties such as high damping capacity, good 
castability and machinability, as well as dimensional stability [2]. These properties allowed 
the material to gain wider entrance in automobile and aerospace industries, where decrease of 
vehicle weight is demanded in order to cut the CO2 emission, given the political and 
environmental pressure [3]. These factors together give a huge potential of Mg alloys in 
global market: the global magnesium demand was expected to achieve 1.2 metric ton by 2020 
with an annual growth of 3.4% [4], which offers the primary motivation to the developments 
of new magnesium alloy with enhanced properties.   
1.2 Thesis Backgrounds 
Many studies have been done on the development of Mg alloys since 1990s, among them 
most of the efforts was put into Mg-Al alloys, such as AM60 and AZ91. These kinds of 
alloys constitutes over 90% of the commercial Mg alloys available today [5], for the Mg-Al 
system was found to exhibit exceptional castability, while maintaining good mechanical 
properties at room temperature applications [6]. However, Mg-Al alloys are unsuitable for 
applications up to 150~200℃, as dramatic loss of strength and creep resistance would be 
encountered [5]. Primary reason of this phenomenon has been recognised as the thermal 
instability and coarsening of Mg-Al intermetallic precipitates at high temperatures.   
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To avoid this loss of creep resistance at elevated temperature, general approaches hitherto 
have been either to modify the existing alloys such as AZ91, or to develop new alloys [7]: 
Mg-Al-RE (alloyed with rare earth elements: AE series), Mg-Al-Ca, Mg-RE-Zn and Mg-Al-
Si [8], to name only a few. Among them, the most successful ones were aluminium free Mg 
alloys, for example WE series (W represents alloy element Yttrium, E represents other RE 
elements), which offers great enhancement of creep resistance up to temperature of 300℃ [8, 
5], without affecting the castability [8]. Main mechanism of the strengthening has been 
considered as the increased thermal stability of the Mg-RE intermetallic precipitates. 
However, this type of alloy generally requires high composition of RE (rare earth) elements 
up to 5%, for example WE43 (Mg-4% Y-3.4% RE-0.7% Zr), which makes them becoming 
increasingly expensive and uneconomical for the industry. Thus, intensive studies about 
effects of alternative cheaper elements (like Ca) on the microstructure and elevated 
temperature creep resistance of Mg alloys have been conducted. As discussed in section 2, Ca 
was proved to have positive effects on increasing creep resistance of Mg-Al and Mg-Al-RE 
systems, but its effects on Mg-RE system have yet to be revealed.  
This thesis is a part of the program of developing a series of new Mg alloys for high 
temperature applications, such as automotive engine block, powertrain and aerospace 
propulsion system. These alloys are expected to have comparable high temperature creep 
resistance compared to the commercially available creep resist Mg alloys such as WE43, but 
with a considerably lower cost. These advantages would in turn make them more competitive 
in the growing global market of creep resist Mg alloys. 
1.3 Thesis Statement & Scope 
This thesis mainly focuses on the optimisation of heat treatment process of Mg-3Nd-2Ca 
alloy that is newly developed for high temperature creep-resist applications. The aims of the 
thesis including: 1) to define the sufficient solution treatment temperature in order to obtain 
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the single phase solid solution without melting the matrix, and 2) to determine the optimal 
ageing temperature and time, so that maximum harness can be obtained in response of 
ageing. Another objectives, such as to discuss the possible strengthening mechanisms and 
further development potential of this new alloy, are based on the alloy’s performance of age-
hardening response, which is to be illustrated by ageing results. Also, based on the results 
obtained, further investigations of the effects of Ca on improving properties Mg-RE system 
can be conducted. Due to the time limitation of the thesis, creep test and TEM (transmission 
electron microscope) analysis was not intended to be performed. 
By reviewing existing literatures about the specific properties and insights of the 
strengthening mechanisms of Mg alloy, the heat treatment parameters were initially set, and 
then experimentally adjusted and optimised based on the results obtained. Evident age-
hardening response was observed after ageing, and the results obtained was then compared to 
that of WE43 alloy, which was obtained under same laboratory conditions. It is finally 
concluded that this new alloy shows comparable age-hardening response to that of WE43 
after heat treated in a T6 condition, which shows a huge potential of further development.  
2 Literature Review 
2.1 Overview 
The creep behaviour and mechanisms of Mg alloys were firstly discussed. Also, as 
introduced in the previous section, RE containing Mg alloys (especially Nd, as a composition 
of the alloy) generally have higher creep resistance at elevated temperature, therefore the 
properties of this family of alloy (particularly WE43) were reviewed, as well as the 
morphology of the formed precipitates and their possible strengthening mechanisms to resist 
creep at high temperature. Finally, as a main addition of the alloy, effects of Ca element on 
enhancing the creep resistance of Mg alloys were also reviewed and summarised.  
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2.2 Creep Behaviour of Mg Alloys 
2.2.1 Fundamental of Creep in Mg Alloys 
Magnesium alloys are prone to loss of creep resistance at elevated temperatures, and the main 
mechanism of which is associated with the coarsening of precipitation particles [5-6, 9-10]. 
Creep is defined as a continuous strain under a constant stress and temperature, and it can 
cause the failure of metals and alloys at stresses below their yield strengths. Creep occurs at 
all temperature and stress ranges, but it only become significant when then ambient 
temperature reaches 0.4Tm, (Tm = 650 for magnesium) [10]. Metals and alloys often show 3 
stages of creep: primary (transient) creep, second (steady-state) creep, and tertiary creep [5], 
as can be described by Figure 1. In engineering designs, only primary and secondary creep 
are of interests, therefore only these two types of creep are to be introduced and discussed.  
 
Figure 1: Typical Creep Behaviour in Metals & Alloys 
 Stage I: Primary Creep 
After an instantaneous deformation, creep rate 𝜀̇ decreases because the creep resistance 
increases as a result of strain hardening of the material. Exponential and logarithmic 
relations are used to describe this region [9]: 
εp = at
b, εp = βt
1
3, εp = α1ln⁡(𝛼2𝑡 + 1) 
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Where 𝛂𝟏, 𝜶𝟐, 𝜷, 𝒂, 𝒃 are constants determined by materials and loading conditions.  
 Stage II: Secondary (Steady State) Creep 
At this stage of creep, creep rate ?̇? is nearly constant, hence linear relationship is used as a 
description as illustrated below [5, 9]: 
εs = kt 
A minimum creep rate 𝜺?̇? can be estimated based on the balance between strain hardening 
(h = ∂σ/ ∂ε) and the rate of recovery (r = −∂σ/ ∂t) that happens at high temperature, 
when dislocations and atomic vacancies are rearranged and annihilated [10]. The 
minimum creep rate 𝜺?̇? only becomes notable when the strain hardening (h) is slow, and 
recovery (r) is high (otherwise tensile behaviour nominates): 
𝜀?̇? ⁡=
r
h
= −
𝜕𝜎/𝜕𝑡
𝜕𝜎/𝜕𝜀
 
The minimum creep rate only depends on stress applied to the material and ambient 
temperature. Thus, general formula has been developed for steady state creep rate 𝜀?̇? 
empirically, by combining the stress and temperature dependences:  
𝜀?̇? = A(
𝜎
𝐸
)
n
exp (−
𝑄𝑐
𝑘𝑡
) ⁡𝑜𝑟⁡𝜀?̇? = B(
𝜎
𝐸
)
n
exp (−
𝑄𝑐
𝑅𝑡
) 
Where A and B are constant coefficients, n is the stress exponent, E is elastic modulus, Qc 
is activation energy measured for secondary creep, k is Boltzmann’s constant, R is 
universal gas constant and T is absolute temperature.  
Aside from the coarsening of precipitates at high temperatures, other mechanisms and 
processes have been recognised as the reasons for loss of creep resistance. Controlled by the 
applied stresses and temperatures, these mechanisms are classified as dislocation related 
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processes, short-range diffusion related process (including grain boundary sliding), grain 
boundary sliding (GBS) and grain boundary migration. Models have been developed for each 
process, and the stress component n and activation energy Qc shown in the steady-state creep 
equation have been related empirically with these mechanisms [10]. The relations are shown 
in the Table 1 below:  
 
Table 1: Relation between Qc, n and Creep Mechanisms 
2.2.2 Common Creep Mechanisms of Mg Alloys 
Some studies about creep behaviours in several types of Mg alloys have been conducted. For 
Mg-Y, especially WE alloys, creep mechanisms have been often recognised as dislocation 
related (dislocation climb at low stresses and dislocation at higher stresses) at high 
temperatures (up to 277℃). These mechanisms are also found in Mg-Al-Ca system, such as 
AX52 (Mg-5Al-2Ca), at elevated temperature (>150℃) [9-10]. Design criteria for creep-
resist alloys can be then set by avoiding the most frequent creep mechanisms occur in Mg 
alloys at high temperatures (dislocation climb, grain boundary diffusion and grain boundary 
sliding). It is thusly believed that creating precipitates on the prismatic planes of the Mg HCP 
cell is more effective than having the precipitates on the basal planes, as in this way 
dislocations can be pinned more efficiently. This can be verified by more literatures in later 
sections (2.3.4). 
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2.3 Strengthening Mechanisms of WE Alloys 
2.3.1 Precipitation Hardening 
The main strengthening mechanism of WE (mainly Mg-Y-Nd) alloys is precipitation 
strengthening during the process of ageing, and it follows the general pattern seen in normal 
Mg alloys. This process involves firstly solution treat the alloy up to a temperature for a 
certain period of time, during which the alloy elements diffuses homogeneously into the α-
Mg matrix to form a single phase solid solution. Then upon water quenching (rapid cooling), 
the solubility of the solute elements is exceeded at the reached lower temperature, thus a 
super saturated solid solution (SSSS) is formed. Further diffusion of the super saturated 
solutes is prevented by the low ambient temperature. The next stage is to isothermally hold 
the material (ageing) at a constant temperature, which allows the elements to diffuse and 
react with Mg to form precipitation phase that is to be precipitated out from the SSSS matrix. 
Unlike normal magnesium alloys such as Mg-Cu and Mg-Al alloys, formation of initial 
Guinier-Preston (GP) Zone, which is a precursor of the precipitation phase, was not found in 
WE43. Instead, another precursor was reported to form in the earliest stage of precipitation, 
which will be discussed in later section (2.3.2).  
In a microscopic view, the precipitation process of WE43 alloys can be broken down to four 
stages: Mg (Supersaturated Solid Solution phase, SSSS) → β′′ (DO19, plate-shaped) → β′  
(cbco, globular shaped) →β1 (f.c.c.) → βe (equilibrium f.c.c.) [11-12]. It was noted that the 
second intermediate metastable β1 phase only exists when the alloy is aged at 250℃, but not 
in 150℃ ageing [5]. The aged samples of the alloys with maximum hardness were reported to 
have metastable β′ phase and equilibrium βe phase as dispersed precipitates form on {11̅00}α 
planes in α-Mg matrix [12-13]. These precipitations then provides effective barriers that stop 
the movement of grain boundary sliding and dislocation, which has been proved to be the 
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mechanisms of creep at high temperature [11-12]. However, these precipitation particles 
experiences coarsening when the ambient temperature increases, leading to the decrease of 
mechanical properties, including creep resistance [10].   
2.3.2 Heat Treatment Process 
Industrial method of heat treatment process for WE43 alloy typically starts with a 525℃ solid 
solution treatment for 8h, follows by a 250℃ ageing for 16h [11-12, 14]. The solid solution 
temperature of 525℃ was chosen in order to maximally dissolve the eutectics into the α-Mg 
matrix, as well as to prevent over-heating and localised melting of grains, given the melting 
temperature of the eutectic phase is 543℃ according to DTA (differential thermal analysis) 
investigation [14]. Such temperature can also be approximately confirmed by the data of 
equilibrium Mg-Nd binary system [15], shown in Figure 2 below. It is also agreed by the 
published solubility of Nd elements in Mg matrix: Nd reaches 3% solubility in Mg at 500℃ 
(Table 2).  
 
Figure 2: Equilibrium Phase Diagram of Mg-Nd System 
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Table 2: Solubility of Nd in Mg Matrix 
In the studies and practices of single-stage ageing of WE43 alloy, excellent age hardening 
responses, along with improvements of yield strength and UTS, can be obtained by ageing at 
175℃, 200℃ and 250℃, but poor hardening responses are expected when the ageing 
temperature reaches 300℃ or higher [11], as can be seen from the ageing curves shown 
below (Figure 3). It can be noted that peak age times could be shortened by increasing the 
ageing temperature. This attributes to the fact that the precipitation process is accelerated 
thermodynamically by the increase of temperature. The Vickers hardness values in the graph 
were obtained using 2kg load, with a holding time of 25s.  
Chen Huang Optimisation of Heat Treatment Process for new-developed Creep-resist Mg Alloys  MECH4500 
12 | P a g e  
 
 
Figure 3: Ageing Curves of WE43 under different Temperatures 
2.3.3 Composition, Morphology & Effects of Precipitations 
The morphology, volume fraction, sizes and distributions of the precipitations are all essential 
factors that affect the mechanical properties of Mg alloys includes WE43, hence these factors 
will be systematically discussed in this section. During the precipitation process of WE43 
alloys, formation of coherent GP Zones, which is often recognised in the early stage of 
precipitation in most of the Mg and Al alloys, have not been established so far as mentioned 
previously [7, 11]. However, a monoplanar precursor of precipitates has been discovered in 
(1100) and (1120) planes in α-Mg matrix [11, 16-18]. These two precursors both show a 
D019 ordering, but were then transformed to the globular β′ phase and plate-shaped⁡β′′ phase 
respectively. The resulted β′′ phase also has a DO19 ordering, and it has lattice parameters of 
𝑎DO19 = 2𝑎𝑀𝑔 = 0.642𝑛𝑚, cDO19 = 𝑐𝑀𝑔 = 0.521𝑛𝑚 [16-17]. This type of metastable 
hexagonal ordered precipitates forms at early ageing stage of low temperature (150-200℃), 
and is usually characterised by a composition of Mg3X [16-17], where X represents RE 
elements.  
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When aged at 250℃, the β′′ phase is able to transform to β′ phase [11, 19], which has a 
based-centred or body-centred orthorhombic (bco) structure. This type of precipitate is also 
plate-shaped, and has a composition of Mg12NdY [16]. Both being coherent to the Mg matrix, 
β′′ and β′ phases have strong structural relationship with the matrix. They may provide large 
strain fields and distortions around their interface with the matrix, and act as dislocation 
barriers. According to [11], the peak-aged alloy obtained at 175℃, 200℃ and 250℃ mainly 
contain homogeneous fine β′′ phase,⁡β′ phase, β′ and β1 phase, respectively. Having lattice 
parameters of a = 0.640 nm, b = 2.223 nm, c = 0.521 nm, the aspect ratio between globular β′ 
and its surrounded arrays of thin platelets was found to be 10:1 in WE54 250℃ under-aged 
sample. This large aspect ratio of the precipitates also proved to be effective in dislocation 
pinning effects. 
Continuous ageing results in the formation of the second intermediate metastable β1 phase, 
which has a f.c.c structure with the lattice parameter of 𝑎 = 0.74 ± 0.01nm, and the 
orientation relationship between this phase and the matrix in WE54 was reported to be 
(1̅12)β1//
(11̅00)𝛼 and [110]β//[0001]α [12]. Further ageing leads to the transformation 
from β1 to βe phase. This is an equilibrium phase was reported to have a composition of 
Mg14Nd2Y in WE43 alloy. It also has a f.c.c. structure same as β1, but with coarsened lattice: 
𝑎 = 2.223nm [16]. The transformation from β1 to βe becomes rapid when the ageing 
temperature is increased: in WN42 alloy (Mg–4%Y–2.25%Nd–0.6%Zr) 300℃ ageing, large 
amount of β1 was observed in initial 9min, and transfer between β1 to βe equilibrium phase 
was detected between 30min to 1h [19]. Such phenomenon agrees with the 300℃ ageing 
results in WE43 alloys: the peak aged samples were found to mainly contain βe phase [11].  
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2.3.4 Mechanical Properties & Creep Resistance 
WE43 alloy can generally maintain its mechanical properties in long-term exposure in excess 
of 5000h, at up to 250℃ [5]. This is again mainly because of the thermal stability of Mg-RE 
intermetallic compounds presented in the precipitation. Table 3 and Table 4 below show a 
comparison between the mechanical properties (Yield Strength, Ultimate Tensile Strength 
and Creep Strength) of WE43 alloy and other Mg alloys both at room temperature and 
elevated temperatures. It can be seen that WE43 not only shows creep resistant property at 
elevated temperatures, but also exhibits relatively high YS and UTS at room temperature. 
This is because of the higher precipitation strengthening effects of WE alloys compared to 
that of Mg-Al system and Mg-Zn system [11, 18]. This can be explained by the facts that all 
4 types of the precipitates of WE alloys are of plate-shaped morphology, and they form on 
the prismatic planes of α-Mg matrix with high aspect ratios which has better pinning effects 
on stooping dislocations, as discussed in the previous section (2.3.1). These properties of the 
precipitates of WE alloys, according to the Orowan equation developed, provide an efficient 
strengthening effect for Mg alloys to resist creep [11, 20]. This can be also confirmed by a 
study of Nie et al., showing that precipitates located on prismatic and pyramidal planes can 
effectively enhance creep resistance than precipitates on basal planes [10]. Besides, it is 
believed that RE elements (including Nd) can produce skeleton structure of intermetallic 
phases at grain boundaries (GBs) that anchor migration or sliding of GBs [10], which is a 
common creep mechanism in Mg alloys. 
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Table 3: Mechanical Properties of WE43 alloy at Elevated Temperatures 
 
Table 4: Creep Resistance & Elastic Modulus of several Mg Alloys at elevated temperatures 
 
2.4 Effects of Ca on Magnesium Alloys 
2.4.1 Mg-Ca Binary System 
Ca has been considered as an ideal element to be alloyed with Mg, not only because it 
preserves the light weight advantage of Mg alloys (density of Ca is 1.55g/cm3), but also for 
the reasons in many other perspectives. With the studies done on the Mg-Ca binary alloys, 
equilibrium solubility of Ca in magnesium is 1.35 wt% (0.82 at%) at eutectic temperature of 
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516.5℃, and when the temperature drops to 200℃, the solubility becomes almost zero [21-
22]. These may give supreme solution hardening results of Mg-Ca alloys. The developed 
equilibrium phase diagram of Mg-Ca is shown in Figure 4.  
 
Figure 4: Equilibrium Phase Diagram of Mg-Ca System 
2.4.2 Effects on Precipitation Hardening 
The crystal structure of equilibrium Mg2Ca phase at low Ca content (space group P63/mmc, a 
= 0.623 nm, c = 1.012 nm) is similar to that of Mg (P63/mmc, a = 0.321 nm, c = 0.521 nm). 
This similarity in crystal structure results in smaller lattice distortion and hence guarantees 
homogeneity of Ca in the Mg matrix, which may then give higher nucleation rate and larger 
densities of precipitations. Combined with the large difference in solubility of Ca in Mg 
matrix from high to low temperature, huge potential in ageing response of Mg-Ca alloys can 
be expected [18]. Besides, Ca was reported to be capable of reducing the flammability of 
molten Mg, as well as improving the corrosion and oxidisation resistant of magnesium alloy 
[23]. 
Study also indicated that by adding 1 wt% of Nd to the Mg-1Ca-1Zn-0.6Zr alloy, significant 
increase of strength and age hardening response (Figure 5-a) can be obtained [24]. The 
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resultant alloy has a tensile yield strength of 153 MPa at room temperature and 135 MPa at 
150℃. Microstructure of this alloy (Figure 5-b) reveals that the increased maximum hardness 
was associated with finely distributed precipitate platelets. Thus it can be confirmed that Nd 
can also improve the ageing response of Mg-2Ca system.  
 
Figure 5: (a) Ageing Curve of Mg-1Ca with Various Additions; (b) Optical Microstructure of 1wt% Nd added Mg-1Ca-1Zn-
0.6Zr 
2.4.3 Effects on Enhancing Creep Resistance 
Early efforts of using Ca to modify Mg-Al based alloys to improve creep resistance was done 
in 1960, when a British patent claimed that addition of Ca from 0.5-3% enhances creep 
strength of Mg alloys contain up to 10% Al. However, severe casting problems were found in 
these alloys such as hot tearing and sticking in die casting applications [8, 10]. Similar 
research was conducted in Russian at the same time, claiming that addition of Ca would 
enhance the creep resistance and tensile strength in both sand cast and die cast Mg-Al-Zn 
alloys up to 177℃ [5]. Later, a patent from GM reported that the casting issues can be 
resolved by increasing the Ca content greater than 2% [25]. The hot tearing casting problem 
was believed to be associated to the amount of eutectic presented, which can be controlled by 
Mg/Ca ratio [9]. 
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The effects of Ca in improving creep resistance in Mg-Al-RE alloys (such as AE42) were 
revealed by several groups of Japanese engineers from Nissan and Honda [8]. As a result, 
ACM522 (Mg–5Al–2Ca–2RE) was developed and shows a better creep resistance than that 
of AE42 and AZ91D (Mg–9Al–0.7Zn), as shown in Figure 6 below. Recently, another alloy 
called MRI 153 was developed for automobile diecast applications, which showed capability 
to withstand high load (50-85MPa) under long-term exposure to temperature up to 150℃ [5]. 
Therefore, it is evident that Ca has positive effects on creep resistance of Mg-Al and Mg-Al-
RE alloys, for elevated temperature applications.  
 
Figure 6: Creep Resistance of ACM522 compares to conventional Mg-Al Alloys 
3 Methodology & Experimental Procedure  
Samples of Mg-3Nd-2Ca were sand cast from the laboratory in University of Queensland, 
while the WE43 alloy ingots were purchased from Magnesium Elektron.Ltd., England.  
To prepare the alloys to be heat-treat-ready, they are cut into shape (plate or piece) using a 
water jet cutting wheel (Figure 7). Samples were clamped by fixtures, using a cutting blade. 
Usual cutting speed was set to 0.2~0.3mm/s, to avoid large amount of deformation caused by 
twinning on the finishing surface.  
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Figure 7: Water Jet Cutting Wheel 
3.1 Solution Treatment 
3.1.1 Overview 
The first stage of the experiment is to define the solution treatment temperature for Mg-3Nd-
2Ca in a 24h period. A suitable temperature can be characterised experimentally by 2 criteria 
listed below, with reasons following respectively: 
 Maximum dissolution of alloy elements from eutectic phase into the magnesium 
matrix must be achieved in a homogeneous manner. 
This is to guarantee that a uniform single 𝛼-Mg matrix phase can be formed. If the 
alloying elements are not fully dissolved, number of alloying elements that are 
available to precipitated out from the SSSS (super saturated solid solution) would 
decreased, thus the effects of precipitation hardening would not be optimised. 
 No localised melting along grain boundaries and inside the grains can occur.  
Localised melting, both along grain boundaries (GBs) and in grains, are usually 
caused by setting the solution temperature too high. It is to be avoided in heat 
treatment as it can lead to the coarsening of the grain boundaries, which 
consequently causes decrease in hardness achieved after ageing, as well as in many 
other mechanical properties.  
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To start with, initial trial of solution temperature was set to be 525℃, based on the facts that 
have been already discussed in section 2: 1) the Tm for magnesium metal is 650℃; 2) the 
conventional solution treatment temperature for WE alloys is 525℃; 3) the minimum 
equilibrium temperature of 3 wt% Nd solubility in Mg-matrix is 500℃. The time period for 
solution treating the samples was set to 24h, so that the samples could be easily collected at a 
convenient time after one day from when it was put in the furnace. It is worthy to point out 
that although this solution treating period appears to be much longer than the typical 8h used 
in the industry as mentioned in section 2, the prolonged exposure of sample in solution 
treating environment does not further affect the phase and morphology of the sample, 
provides that the material is assumed to reach the homogeneous single phase solid solution at 
the optimised temperature, at which the material is considered to be in a thermodynamic 
equilibrium state. This essentially means no further phase change of the sample could occur, 
as long as the solution temperature remained constant.  
In order to examine the results of solution treatments, treated samples were then to be viewed 
using optical microscope, after prepared in a mounting and polishing sequence. The 
preparation of the samples are to be explained in later section. It was then can be determined 
whether the used temperature was suitable or not, according to the above mentioned 2 
criteria.  
3.1.2 Procedures 
The electric conduction furnaces used for solution treatment are shown in the Figure 8 below. 
All furnaces were calibrated each time before using, by heating 400ml sand in a steel 
container up to the designated temperature. Thermocouples were used to read temperatures, 
by having it inserted into the middle of the sand, via a cavity on the top of the furnace. The 
tip of the thermocouple was ensured to be fully-inserted into the sand and not in contact with 
the steel container. This is to guarantee that the obtained readings accurately revealed the 
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temperatures of the sand. The furnace was left until a steady temperature was obtained, and it 
was then adjusted to a higher or lower value accordingly. After calibration, samples were 
then put in. During the solution treatment period, the furnace temperature was checked from 
time to time to ensure accurate results. Samples were taken out of the container after 24h, and 
were then water quenched to room temperature. They were then properly dried by wiping 
using kitchen paper towel.  
 
Figure 8: Electric Conduction Furnace for Solution Heat Treatment 
3.2 Ageing 
To acquire the age-hardening responses at various temperatures, ageing processes were 
performed. As per the discussions in the review of previous literatures of WE43 alloy, high 
hardness can be achieved by ageing at temperature of 175-250℃, but poor hardening 
response is expected when ageing at 300℃ [3]. This temperature range was then used to set 
up the initial test temperatures: 180℃, 220℃, 250℃, 280℃ and 350⁡℃. However, the actual 
temperatures tested changed to 160℃, 180℃, 190℃, 200℃, 220℃ and 250⁡℃, for the reasons 
to be explained in later sections. Ageing times for each temperature were set to be the same, 
being 0.5h, 1h, 2h, 4h, 6h, 8h, 12h, 16h, 24h, 48h, 72h, 96h, 144h, 168h (1 week).  
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Figure 9: Fan Circulated Oven for Ageing 
Fan circulated ovens used for ageing process are demonstrated in Figure 9. Again, 
calibrations were performed each time before using: temperatures were set to designated 
values and when they were reached, they were confirmed by thermocouple readings. Samples 
were marked and put into a basket before placing into the oven, and they were taken out 
when a designated ageing time was reached. During the ageing processes, temperatures were 
checked on a regular basis to assure that the ambient ageing environments were stable and 
steady. After the samples were taken out of the furnace, doors of the oven were shut 
immediately to keep maintain the ageing temperature. It was noted that each time when the 
door was shut, it roughly took 30s to 1.5min to bring the temperature back to its original 
value.  
3.3 Materials Preparation & Microscope Examination 
Samples that needed to be tested for hardness or examined under microscope, were hot 
mounted on polyfast○R  resin (Bakelite with carbon filler) with moderate hardness using the 
apparatus shown in Figure 11 (a). The mounting process takes 5min for 1 sample. The 
samples were then polished using a series of different grades of polishing papers and cloths, 
in the order of 120, 320, 600, 1200, 4000, mol for hardness test, and finally polish by nap if 
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microstructure was to be acquired. Etching of the samples was also needed to perform before 
examination of microstructure, with a 4% nitric acid-ethanol solution etchant.  
 
Figure 10: Optical Microscope 
Microscopic examinations were mainly conducted using the optical microscope shown in 
Figure 11 (b), for the purposes of inspecting the microstructure such as grain sizes, GBs, 
morphology and undissolved phases, as results from heat treatment process. Magnification of 
the microscope is 5X, 10X, 20X, 50X and 100X.  
 
Figure 11: (a) Sample Mounting Machine (b) Vickers Hardness Test Machine 
3.4 Hardness Test 
Vickers Hardness tests were performed using the machine demonstrated in Figure 11 (b). 
Calibrations were performed each time by focusing and resetting of the measuring lines. 
Testing load used was 3kg with a holding duration of 10s, and 6 to 9 indents were made on 
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each sample, depends on the size of the samples and quality of the data obtained. Average 
values of these data were then calculated for the construction of ageing curves.  
It is worth mentioning that all samples chosen for hardness tests all came from the middle of 
the ingots. This is to make sure that the grains were of form of equiaxed, for it better reveals 
the properties of the material than the columnar grains presented in the chill zone (which is 
the edge of the ingots).  
4 Results & Discussion 
All results of Mg-3Nd-2Ca alloys from the experimental phase, including ageing curves and 
micrographs of optimised solution treatments and peak-aged samples, are to be demonstrated 
in this section. These results are then to be compared to those obtained of WE43, and 
comparisons, discussions as well as possible explanations to some of the phenomena 
observed are also to be included.  
4.1 Microstructure of As-cast & As-received Alloys 
The Figure 12 shown below is the as-cast (AC) microstructure of Mg-3Nd-2Ca alloy. The 
pre-eutectic dendrites can be observed as approximately equiaxed, with small amount of 
eutectic phase presented in-between. This may infer that the alloy is easy to be solution 
treated, as only small amount of eutectic phase is needed to be dissolved into the α-Mg 
matrix. The hardness achieved in AC samples were 62.2HV3/10. Again, all Vickers hardness 
values were obtained by 3kgf/10s. 
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Figure 12: As Cast Sample of Mg-3Nd-2Ca 
  
4.2 Solution Treatment Optimisation 
4.2.1 Results from High/Low Temperatures 
As discussed in the section 2 & 3, the initial solution treatment was set to 525℃ (for 24h 
period). The resulted micro graphs were attached as Figure 13. Localised melting can be 
identified both along the grain boundaries and inside of the grains. However, no undissolved 
phase was unidentified. Hence the temperature was considered as too high for solution 
treatment. 
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Figure 13: Microstructure of 525℃ Solution Treated Sample 
Further trials were done at lower temperatures in Order to determine the temperature interval. 
Below (Figure 1) are the microstructure of the samples that were solution treated at around 
510℃, and it can be proved to be too low, as there still remains significant amount of 
undissolved phase. Again, the undissolved phase was distributed along the grain boundary, as 
well as inside of the grains.  
 
Figure 14: Microstructure of 510℃ Solution Treated Sample 
Numerous trials were performed before the optimised temperature was achieved.  
Chen Huang Optimisation of Heat Treatment Process for new-developed Creep-resist Mg Alloys  MECH4500 
27 | P a g e  
 
4.2.2 Result of optimised temperature 
The critical results of solution treatment was obtained by 516~517℃ solution treatment 
(Figure 10), at which hardness of 57.9HV was obtained. Co-existence of the undissolved 
phase and inter-granular localised melting was observed, which indicates the fact that the 
eutectic cannot be fully dissolved into the Mg-matrix without local melting. This 
phenomenon may be because excessive alloy elements were added, as the maximum 
solubility of Ca in Mg, according to the binary system data reviewed in section 2, was 1.35 
wt% at 516.5℃. This may lead to future experiments in modification of alloy content.  
 
Figure 15: Microstructure of 510℃ Solution Treated Sample 
The result was compared to that of WE43, which was obtained from its conventional solution 
treatment temperature, 525℃ (also in a period of 24h), as Figure 12. Undissolved phase was 
not observed, and grain boundaries were thin. This may essentially define a better 
precipitation hardening results of this alloy, as all phase are dissolved and hence more 
precipitates can be obtained out of the α-matrix.  
Compare to the WE43 solution treatment results, Mg-3Nd-2Ca has similar average grain size 
(400-500μm), but with different morphology: grains of Mg-3Nd-2Ca are of the ellipsoid and 
rounded shapes with curved grain boundaries, while the WE43 ones are more refiner with 
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polygon shapes. This is primarily associated with the usage grains refiners and faster cooling 
rate in the industrial casting process of WE43.  
 
Figure 16: WE43 microstructure, Solution Treated 
4.3 Age-hardening Responses 
4.3.1 Complete Ageing Curve of Mg-3Nd-2Ca 
As per the section 3.3, ageing temperatures were initially set to be 180℃, 220℃, 250℃, 
280℃ and 350℃. However, the maximum harness acquired was observed to be decreasing 
with increasing temperature based on the accomplishment of 180℃, 220℃ and 250℃ ageing 
curves, hence it was decided that no more ageing above 250℃ was needed. Instead, 
additional experiments were performed at the temperatures of 160℃, 190℃ and 200℃, in 
order to closely examine the ageing response close to 180℃ at which maximum hardness was 
obtained. The overall result of the ageing responses (ageing curves) are summarised in the 
Figure 17 below in a logarithmic scale. Original hardness data obtained is to be attached as 
appendix.  
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Figure 17: Complete Aging Curve 
Ageing Temperature AC 160℃ 180℃ 190℃ 200℃ 220℃ 250℃ 
Maximum Hardness 62.2 87.1 90.9 80.4 79.0 74.9 72.9 
Ageing Time - 72 48 8 8 1 0.5 
Table 5: Maximum Ageing Results 
Maximum hardness achieved at each temperature were both labelled on the graph and 
tabulated as Table 5: Maximum Ageing Results. It can be clearly seen that the maximum 
hardness obtained was from 180℃ ageing, being 90.9HV. Also, the temperature at which 
maximum hardness was obtained decreases as the temperature increases, which may be 
resulted from the accelerated precipitation process at elevated temperatures. For 200℃ 
ageing, although the maximum hardness obtained was decreased (79HV), the ageing time 
was accelerated to 8h. This may result in a trade-off between energy cost and maximum 
hardness, when developing industrial heat treatment process. 
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Figure 18: Ageing Results of WE43 & Mg-3Nd-2Ca (180℃) 
Ageing results of WE43 were plotted along with that of 180℃ ageing curve (Figure 18) 
which contains the maximum hardness (90.9HV) are shown on the graph. Peak ageing were 
at The results obtained can be concluded as consistent with the published ageing data of 
WE43 shown in Figure 12, where peak ageing at 200℃ and 250℃ took place at time of 12h 
(86.5HV) and 168h (106.2HV) respectively. It can be also noted that the maximum hardness 
of Mg-3Nd-2Ca alloy was comparable (90.9HV) to that of the WE43 180℃ peak aged 
sample. It is mainly based on this result that the development potential of Mg-3Nd-2Ca was 
evaluated to be huge, in terms of maintaining the thermal stability of its precipitation phase at 
elevated temperature, and therefore increase the creep resistance. Microstructure of the peak 
aged sample was then examined by optical microscope and Scanning Electron Microscope 
(SEM), in order to reveal the morphology and locations of the precipitation phase and its 
potential role in resisting diffusional and grain boundary sliding creep.  
Few data points from the experiments were observed to be with unreasonable values, they 
either shows huge errors or extremely low/high values. These issues may because of the 
uncertainty and errors received during casting and heat treatment process, such as amount of 
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segregation and impurities of as cast ingots, inconsistency of different furnace. These samples 
were firstly repolished and tested, to see if they then show a reasonable hardness. Some of the 
samples were re-aged to obtain the data, and due to the limitation of the project, some points 
were ignored such as WE43 200℃ aged sample, which shows an unreasonable low value.  
4.3.2 Microstructure for Peak Aged Mg-3Nd-2Ca 
4.3.2.1 Optical Microstructure of Peak Age Samples 
Optical micro graphs were attached as Figure 19-23. The peak ageing results are: 160℃ 
(87HV), 190℃ (90.9HV), 200℃ (78.98HV) and 250℃ (82.2HV). It can be seen that the 
undissolved phase still remains at all temperatures, but mainly presents along the grain 
boundaries. It is difficult to observe the precipitates under low magnifications, but in where 
100x magnification is used, signs of precipitations may be represented by the black dots 
shown inside of the grain boundaries. It is noticed that these possible precipitations were 
presented in an aligned manner with in the grains, which is different from the results of 
WE43 which will be shown in the next section. Provides the difficulty of observing the 
precipitations, it is hard to compare the results from different ageing temperatures.  
 160℃ Aged Sample 
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Figure 19: Microstructure of 160 Peak Aged Sample 
 190℃ Aged Sample 
 
Figure 20: Microstructure of 190 Peak Aged Sample 
 200℃ Aged Sample 
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Figure 21: Microstructure of 200 Peak Aged Sample 
 250℃ Aged Sample, 50X 
 
Figure 22: Microstructure of 250 Peak Aged Sample 
 250℃ Aged Sample, 100X 
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Figure 23: Microstructure of 200 Peak Aged Sample, 100X 
4.3.2.2 SEM examination of 190℃ Peak Aged Sample 
In order to further investigate the possible precipitations formed in the aged samples, the 
sample of maximum hardness (180℃ 48h) was examine by SEM, and the microstructure 
acquired under different magnification are shown below (Figure 24-26).  
 
Figure 24: SEM micrograph of 180 Peak Aged Sample, 200X 
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Figure 25: SEM micrograph of 180 Peak Aged Sample, 10, 000X 
 
Figure 26: SEM micrograph of 180 Peak Aged Sample, 15, 000X 
As the morphogen and composition still remained unambiguous, further investigation using 
TEM (Transmission Electron Microscope) is recommended. However, it can be seen from 
Figure 24 that the possible precipitates are distributed across the grains, but its density along 
grain boundaries are not as high. This may suggest that the possible precipitates would have 
less pinning effects to grain boundary sliding.  
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4.3.3 Comparison between Mg-3Nd-2Ca and WE43 
The ageing result for WE43 alloy, which was obtained by its conventional industrial heat 
treatment process (525℃ solution treat for 24h, 250℃ ageing for 16hours) is shown below 
(Figure 27 and Figure 28). Compared to the results of Mg-3Nd-2Ca, the black dots which 
may be recognised as precipitations seem to be of higher densities, compare to the results of 
Mg-3Nd-2Ca shown in Figure 23. Given the fact that the precipitates of WE43 alloys mainly 
form on the prismatic planes of the HCP cell of α-Mg as discussed in section 2, the different 
pattern of the possible precipitates observed in Mg-3Nd-2Ca may indicates different locations 
of formations and hence results in a different creep resisting mechanism. Again this needs to 
be confirmed with TEM results.  
 
Figure 27: Microstructure of WE43 Peak Aged Sample, 20X 
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Figure 28: Microstructure of WE43 Peak Aged Sample, 100X 
 
5 Conclusion 
 After compare the age-hardening responses of assigned alloy Mg-3Nd-2Ca, it shows a 
comparable results (maximum hardness 90.9HV3/10, 180℃ ageing for 48h) with 
WE43 (maximum hardness 86.5HV3/30, 250℃ ageing for 16h). Therefore, it has 
huge potential of development. 
 Optimised solution temperature was identified as 525℃, at which localised melting of 
the grains were not observed, and eutectic phases were dissolved maximally.  
 Optimised ageing temperature was 180℃, with maximum hardness obtained at 48h 
(90.9HV3/10). Smaller ageing response was obtained at temperature slightly higher 
(79HV at 200℃), but with significantly decreased ageing time (8h).  
 In the micrograph obtained from high magnification (100X), dense black dots are 
identified, as well as WE43. The black dots are of similar morphologies and sizes, 
which indicates that they are highly likely to be precipitations. However, locations 
and alignments of black dots formed from both alloy are different, which is 
suggesting that they have different effects in resisting creep.  
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6 Recommendations 
Further recommendations of the study are to perform creep tests on the alloys to obtain its 
creep resistance at elevated temperatures. Also, TEM analysis is needed for the phase of 
black dots that were considered as possible precipitations, to investigate its crystalline 
structure, chemical compositions, locations of formation, and mechanisms of resisting creep.  
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8 Appendix: Raw Data of the Vickers Hardness Tests 
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